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exploiting nanodiscs. This expands the
usability of the method to multiple
challenging membrane protein systems.
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A major challenge in membrane biophysics is to
define the mechanistic linkages between a protein’s
conformational transitions and its function. We
describe a novel approach to stabilize transient func-
tional states of membrane proteins in native-like lipid
environments allowing for their structural and
biochemical characterization. This is accomplished
by combining the power of antibody Fab-based
phage display selection with the benefits of embed-
ding membrane protein targets in lipid-filled nano-
discs. In addition to providing a stabilizing lipid
environment, nanodiscs afford significant technical
advantages over detergent-based formats. This
enables the production of a rich pool of high-perfor-
mance Fab binders that can be used as crystalliza-
tion chaperones, as fiducial markers for single-parti-
cle cryoelectron microscopy, and as probes of
different conformational states. Moreover, nano-
disc-generated Fabs can be used to identify deter-
gents that best mimic native membrane environ-
ments for use in biophysical studies.
INTRODUCTION
Membrane proteins represent a class of proteins whose known
functions are governed by sets of programmed conformational
transitions induced by a broad spectrum of external stimuli.
Establishing the linkages between structure, function, and dy-
namics has proved extremely challenging due to a lack of tools
and approaches that can provide qualitative information to accu-
rately describe the dynamic energy landscapes that underlie
membrane protein functions. While biophysical and computa-
tional analyses contribute to this endeavor, the key element in
establishing these linkages is to start from the high-resolution
structures of the functionally relevant conformational states of
the protein.
The underlying problem in obtaining this structural information
is that the lifetime of many mechanistically important conforma-
tions of membrane proteins are often too fleeting to be studied300 Structure 24, 300–309, February 2, 2016 ª2016 Elsevier Ltd All rby time-averaged techniques such as crystallography or sin-
gle-particle cryoelectron microscopy (cryo-EM). Attempts to
stabilize intermediate states through mutagenesis or by adding
ligands or ions have been only marginally successful. Thus,
new strategies are required that are able to capture and stabilize
the protein’s mechanistically important conformational states.
To address these technical challenges, we have developed a
technology platform that overcomes the main roadblocks that
had previously frustrated attempts to acquire the types of struc-
tural information needed to link dynamics with function. A central
component of this platform is a phage display pipeline that has
the capacity to generate high-performance antibody-based re-
agents that are exquisitely conformation selective. As such,
they can effectively ‘‘capture’’ a protein in a desired conforma-
tional form, allowing for unequivocal annotation of distinct func-
tional states through biophysical analyses and structure determi-
nation. The phage display libraries, built upon well-characterized
Fab scaffolds, are fully synthetic and, thus, the generated re-
agents are termed ‘‘synthetic antibodies’’ or sABs (Fellouse
et al., 2007). In addition to stabilizing desired conformational
states, Fabs have also proved extremely powerful as crystalliza-
tion chaperones and fiducial markers for single-particle cryo-EM
to aid in the structure determination of these states (Wu et al.,
2012; Bukowska and Grutter, 2013).
The methodologies for generating conformationally selective
sABs for complex soluble proteins including multi-domain and
transient multi-protein systems have been established (Rizk
et al., 2011; Paduch et al., 2013; Mateja et al., 2015). These
methods with several modifications have also proved successful
for phage display selections to generate sABs tomembrane pro-
teins in detergent (Uysal et al., 2009; Kim et al., 2011; Li et al.,
2014). However, our experience has shown that for membrane
proteins, the process is not straightforward and the required ad-
aptations are system dependent (Dominik and Kossiakoff, 2015).
In particular, in many cases membrane protein stability is
compromised by the detergent, resulting in structural heteroge-
neity that confounds the generation of sAB binders to a single
conformational state (A.A.K., unpublished data). Moreover, it is
generally acknowledged that detergents can introduce their
own conformational biases, which many times are incompatible
with native conformations in the membrane environment (So-
noda et al., 2011; Chung et al., 2012). Finally, in some cases
we encounter the difficulty of biotinylating detergent-solubilized
membrane proteins, which is required for efficient phage libraryights reserved
Figure 1. Antibody Phage Display with
Membrane Proteins in Nanodiscs
(A) Sequence of phage display sorting steps: (1)
incubation of the nanodisc-embedded protein
target with phage display library and competitors;
(2) washing step to remove weak and non-specific
binders; (3) detergent elution of protein and spe-
cific phage particles; (4) amplification of specific
binders in E. coli. The cycle is repeated increasing
the stringency by decreasing the concentration of
the target. Usually high-quality synthetic anti-
bodies (sABs) are obtained in four to five cycles.
(B and C) Size-exclusion chromatography profiles
upon reconstitution ofMj0480 (B, in red) and CorA
(C, in red) when compared with empty nanodisc
controls (B and C, in black). AU, arbitrary units. See
also Figure S1.sorting steps on a solid support and introduces additional opti-
mization steps.
We sought to address these limitations by embedding the
membrane proteins in lipid-filled nanodiscs during the phage
display generation of sAB binders. Nanodiscs are discoidal
particles composed of a lipid bilayer surrounded by a belt
comprising two copies of an amphipathic a-helical protein
called a membrane scaffold protein (MSP) (Ritchie et al.,
2009; Bayburt and Sligar, 2010). Nanodiscs have been used
in structural and functional studies of membrane proteins of
various architectures (Bayburt and Sligar, 2010). For the pur-
poses of antibody phage display, nanodiscs allow the protein
targets to be reconstituted into a native-like lipid environment
with access to the protein from both sides of the membrane,
and enable the user to bypass difficulties in sample handling,
thus increasing the overall stability of the antigen (Bayburt
et al., 2006). The diameter and chemical makeup of nanodiscs
can be adjusted during protein reconstitution by using different
variants of MSP and various lipid compositions (Ritchie et al.,
2009; Hagn et al., 2013). Importantly, any modifications of
the antigens necessary for the phage display experiment,
such as biotinylation, can be readily achieved by attachment
through MSP or lipid modifications, leaving the membrane
protein unaltered. Further, sABs derived from nanodisc selec-Structure 24, 300–309, February 2, 2016tions can be used to profile a battery
of different detergents to accurately
assess how compatible each is with pre-
serving the native conformational states
of a membrane protein compared with
the lipid-like environment. Thus, taken
together, embedding membrane protein
targets into nanodiscs is a natural pro-
gression of antibody phage display tech-
nology performed outside of detergent
environments.
To optimize the use of nanodiscs in the
phage display selection pipeline and
assess the resulting advantages, we em-
ployed two membrane protein systems
possessing different architectures: a
small YidC homolog from Methanocaldo-coccus jannaschii, Mj0480, and a pentameric magnesium ion
channel from Thermotoga maritima, CorA. We show that this
modified pipeline is capable of generating robust crystallization
chaperones as well as conformation-specific sABs. In parallel,
we compare the nanodisc protocol with the standard, deter-
gent-based sorting strategy, and characterize the influence
of the membrane protein lipid environment on the apparent
affinity of sABs for their cognate antigen. We also systemati-
cally assess the compatibility of each sAB with detergents
commonly used in structure determination. These types of
customized sABs generated for targets in nanodiscs will pro-
vide membrane protein biologists with new tools that have
broad application both inside and outside the structural biology
community.
RESULTS
Modifications to the Phage Display Sorting Strategy
The phage display sorting procedure performed to generate the
sABs (Figure 1A) is based on a previously described solution
capture scheme utilizing a Kingfisher magnetic beads handler
(Fellouse et al., 2007; Paduch et al., 2013; Dominik and Kossiak-
off, 2015). Membrane proteins were reconstituted into nanodiscs
(Figures 1B and 1C) after optimization following establishedª2016 Elsevier Ltd All rights reserved 301
Figure 2. Initial Validation of sABs against Mj0480 and CorA Gener-
ated from Library Sorting in Nanodiscs
(A and B) ELISA binding signal of sABs in phage format generated against
Mj0480 (A) and CorA (B) after five rounds of library sorting with nanodiscs. The
high binding signal of sAB-phage particles is observed only for Mj0480 in
eggPC E3D1 nanodiscs (red), or CorA in POPC/POPG E3D1 nanodiscs
(magenta), but not for empty nanodiscs (black). Dotted horizontal lines rep-
resents four times the average background level.
(C and D) EC50 evaluation of apparent binding affinities of sABs in protein
format generated againstMj0480 (C) and CorA (D). In all cases, sABs show low
nanomolar apparent binding affinity toMj0480 in nanodiscs (C, red) or CorA in
nanodiscs (D, magenta), but not to empty nanodiscs (black). Data points in (C)
and (D) show average values from three independent experiments in tripli-
cates. Error bars display SD value from the mean.
See also Figure S2.
Table 1. EC50 Values of sABs Generated against Mj0480 in
Library Sorting Experiments Performed in Nanodiscs and DDM
sAB
EC50 Apparent Binding Affinity (nM)
Mj0480
in Nanodiscs
Mj0480
in DDM
Mj0480
in FC-12
Empty
Nanodiscs
Generated in nanodiscs
M1 <1 >1,000 <1 no binding
M3 3 ± 0.5 2.5 ± 1 2 ± 0.5 700 ± 100
M4 6 ± 1.5 2.5 ± 0.5 2 ± 0.5 >1,000
M10 30 ± 7 45 ± 10 10 ± 1.5 no binding
M22 <1 100 ± 30 <1 >1,000
M29 16 ± 4 (500)a 620 ± 20 no binding
Generated in DDM
F1 700 ± 100 200 ± 100 70 ± 35 1,000 ± 240
F2 18 ± 5.5 54 ± 6 20 ± 2 400 ± 50
F3 14 ± 3 40 ± 11 12 ± 2 160 ± 30
F4 63 ± 11 130 ± 19 24 ± 6 87 ± 12
F5 61 ± 4 5 ± 0.5 2.5 ± 1 210 ± 15
F7 810 ± 170 320 ± 50 165 ± 40 >1,000
aValue ambiguous.protocols (Ritchie et al., 2009; Bayburt and Sligar, 2010). The
diameter of the nanodisc can be adjusted to accommodate
different size target proteins or oligomeric states using different
variants of the MSP (Bayburt et al., 2006). Both Mj0480 and
CorA were embedded in 12-nm nanodiscs produced from an
MSP E3D1 variant. Note, however, that the size of the disc is
not overly critical as long as it is large enough to provide suffi-
cient room to accommodate several layers of lipid between the
protein and the MSP.302 Structure 24, 300–309, February 2, 2016 ª2016 Elsevier Ltd All rEfficient phage display sorting requires reversible and control-
lable immobilization to pull down the protein-loaded nanodiscs;
this is typically achieved by direct biotinylation of the target,
which is then captured on streptavidin beads. By chemically bio-
tinylating MSP or introducing a genetic Avi-tag into MSP, the
need for direct biotinylation of the detergent-solubilized mem-
brane proteins, which often destabilizes the target, is eliminated.
Moreover, this strategy enhances epitope accessibility by
providing equal access to both sides of the protein’s surface in
comparison with cases where protein modification is preferential
to one side of the membrane. Simple pull-down experiments us-
ing streptavidin-coated magnetic beads were used to test the
immobilization efficiency of the biotinylated E3D1 nanodiscs. In
general, we achieved more than 90% efficiency of immobiliza-
tion and elution of nanodiscs containing both tested membrane
proteins (Figures S1A and S1B), which is within the desired range
of immobilization required for successful library sorting. Conve-
niently, disassembly of the nanodiscs and release of the mem-
brane protein (and bound phage) was achieved by short incuba-
tion of the magnetic beads with detergent.
Generating High-Affinity sABs
To assess the overall performance of the modified protocol in
nanodiscs, we carried out five rounds of sorting on the two
model systems: Mj0480 and CorA. During rounds 1–5, the pro-
tein-nanodisc target concentration was decreased incrementally
from around 200–400 nM to a 10–30 nM range (Table S1). In
addition, a 5- to 10-fold molar excess of empty non-biotinylated
E3D1 nanodiscs was added as soluble competitors starting from
round 2. This strategy eliminates most of the nanodisc- and lipid-
specific binders. The sorting progress was monitored by
comparing enrichment of the eluted phage particles after each
round. Enrichment is a measure of the number of target-specific
phage particles that are isolated after a particular round
compared with background. As a rule, we generally observeights reserved
Figure 3. Effect of Detergents on Binding Affinity of Mj0480 sABs Generated in Nanodiscs and DDM
(A and B) EC50 evaluation of apparent binding affinity ofMj0480 sABs generated against the antigen in nanodiscs (A) and DDM (B). All sABs in protein format were
tested for binding with biotinylatedMj0480 in 0.05%DDM (blue, solid), 0.1% FC-12 (green, solid), orMj0480 in biotinylated eggPC E3D1 nanodiscs (red, dashed).
(C) Single-point protein ELISA of binding of sABs M1 andM4 to biotinylatedMj0480 in DDM in the absence (blue and black) or presence of eggPC phospholipids
solubilized in DDM (red). Concentration of sABsM1 andM4 used in the experiment was below established EC50 values of binding in DDM and was 100 and 1 nM,
respectively.
Data points show average values from three independent experiments in triplicates. Error bars display SD value from the mean. See also Figures S3 and S4.10- to 100-fold enrichment after the final round; however, suc-
cessful results have been obtained with lower (and higher) levels
of enrichment (data not shown). In both cases here, we observed
enrichment in the expected range comparing phage particles
eluted from the sample to background values determined using
empty nanodiscs or streptavidin beads only (Figure S1C).
To evaluate the affinity and specificity of the sAB clones ob-
tained after library sorting, we picked approximately 48 clones
from each selection. After amplification in Escherichia coli, initial
binding properties were determined by single-point phage
ELISA. Clones with an ELISA signal higher than four times the
average background level were sequenced. A total of 14 and
10 unique sABs were obtained from the library sorting against
Mj0480 and CorA, respectively (Figures 2A, 2B, and S2). Next,
we expressed three sABs from each set and measured their
apparent binding affinity against target-embedded nanodiscs
by multi-point protein ELISA (EC50) (Figures 2C and 2D). All
tested sABs had nanomolar affinities for their respective targets
in nanodiscs, and virtually no affinity to empty nanodiscs. Thus,
the use of nanodisc-embedded membrane proteins during
phage display facilitates generation of multiple specific sABs
with high affinity toward the targets of interest.
Comparison of Nanodisc- and Detergent-Based Sorting
Protocols
A side-by-side comparison of the phage display sorting proto-
cols in nanodiscs and detergent was performed. After five
rounds of sorting using Mj0480 as the target, we obtained 12Structure 24, 30unique sAB clones from the nanodisc format and seven from
the detergent (dodecyl maltoside [DDM]) format (Figure S2). To
test for detergent effects on sABs binding to their cognate pro-
tein targets, we selected six sABs generated forMj0480 in nano-
discs (sABsM1, M3, M4, M10, M22, andM29) and six sABs from
library sorting in DDM (sABs F1–F5 and F7). When measured in
the environment in which the respective library sorting experi-
ments were performed (i.e., nanodisc or detergent), the nanodisc
selected sABs all had affinities <30 nM; in contrast, the DDM
sABs had affinities ranging from 5 to 300 nM (Table 1). While a
number of the sABs bind to nanodisc-embedded target regard-
less of the medium from which they were generated (Figures 3A
and 3B), many are biased toward the initial format used during
library sorting (e.g., sABs M1 and M29, for nanodiscs, and
sABs F5 and F7, for DDM). This suggests that at least some
sABs are sensitive to the initial setup of library sorting experi-
ments (nanodiscs or DDM).
Using sABs generated toMj0480, six obtained from the selec-
tions in the nanodiscs and six from DDM, we next compared the
EC50 binding values of these sABs against the target in nanodisc
format and two different detergents: DDM and fos-choline-12
(FC-12) (Figures 3A, 3B, and S3). These comparisons showed
that some of the sABs displayed significant detergent sensitivity.
In general, for nanodisc-generated sABs, binding in FC-12
tracks better with binding in nanodiscs than binding in DDM
(especially visible for sABs M1 and M22). This can be attributed
to several factors: differences in the protein’s conformation in
different detergents, similarity in chemical makeup of FC-120–309, February 2, 2016 ª2016 Elsevier Ltd All rights reserved 303
Figure 4. Conformation-Specific sABs of
CorA
(A) Schematic representation of the conforma-
tional transition of the pentameric magnesium ion
channel, CorA. In the presence of Mg2+ ions CorA
collapses to stable closed state (black); removal of
Mg2+ with EDTA triggers opening of the channel
(red). A desirable open conformation-specific sAB
(blue) would preferentially stabilize the open state
of the channel.
(B) Representative binding signal of sABs C7–C22
in phage format, generated against CorA wild-type
after five rounds of library sorting with CorA D253K
competitor in nanodiscs. Multiple sABs show high
binding signal for biotinylated CorA in nanodiscs in
the presence of 1 mM EDTA (open state, red)
versus 20 mM MgCl2 (closed state, black). Dotted
horizontal line represents four times the average
background level.
(C) EC50 evaluation of apparent binding affinities of
CorA sABs generated in the absence (sABs C2,
C4, C8, and C10) or presence of D253K competitor
in nanodiscs (sABs C8, C10, C11, and C18). sAB
C8 and C10 were produced in both selection
schemes. All shown sABs in protein format were
tested for binding with biotinylated CorA in 0.05%
DDM in the presence of 1 mM EDTA (open state,
red) versus 20 mM MgCl2 (closed state, black).
Data points in show average values from three in-
dependent experiments in triplicates. Error bars
display SD value from the mean.
See also Figure S5.and phospholipids, or epitope availability caused by the smaller
micelle size of FC-12 relative to DDM. This is not true for sABs
C29 and F5 in which FC-12 binding tracks better with DDM bind-
ing, but is different in nanodiscs, suggesting differences in epi-
topes between both detergents and nanodisc formats.
A pertinent example of detergent effects is the nanodisc-
generated sAB M1, which binds tightly to Mj0480 in both nano-
discs (Kd < 1 nM) and FC-12 (Kd < 1 nM), but significantly worse
in DDM (Kd > 1,000 nM) (Figure 3A). Strikingly, binding of sABM1
is restored in DDM whenMj0480 is pre-incubated with the lipids
(including egg phosphatidylcholine [eggPC]) used for the nano-
disc reconstitution (Figure 3C). Importantly, this effect is not
seen for another nanodisc-generated sAB (M4), which has a
similar affinity (Kd 2–6 nM) to Mj0480 in nanodiscs, FC-12,
and DDM (Figure 3C). Thus, in cases where sAB affinity is
compromised by detergents, target binding can be at least
partially restored by pre-incubating the protein in a small amount
of lipid before detergent solubilization.
Finally, we compared the non-specific binding of sABs
generated by each format. Compared with nanodisc-generated
sABs, the detergent-generated sABs showed significantly
higher background binding to empty nanodiscs (Figure S4).
This suggests that the affinity of some detergent-generated
sABs possesses a significant non-specific component that is
not observed with the nanodisc-generated sABs. We attribute304 Structure 24, 300–309, February 2, 2016 ª2016 Elsevier Ltd All rthis to the possibility that during library sorting in detergent,
there were no hydrophobic competitors similar to those pro-
vided by the lipid component of empty nanodiscs used in the
counter selections as part of the nanodisc selection protocol.
Importantly, comparing EC50 values for nanodisc-generated
sABs in different detergents provides additional beneficial infor-
mation on which detergents are most compatible to the native-
like lipid environment.
Generation of Conformation-Specific sABs by
Competitive Sorting in Nanodiscs
The ability to capture and stabilize a transient conformational
state has many structural and biophysical applications, and we
expected that the nanodisc strategy would be useful for genera-
tion of conformation-specific sABs in a native-like lipid environ-
ment. The well-characterized, homo-pentameric magnesium
ion channel CorA from T. maritima reverts to a stable, closed
(Mg2+-bound) state in the presence of magnesium (Niegowski
and Eshaghi, 2007; Moomaw and Maguire, 2008; Dalmas
et al., 2014), and there are several structures of this form of the
channel (Eshaghi et al., 2006; Lunin et al., 2006; Payandeh and
Pai, 2006). However, attempts to obtain structural information
about the open (Mg2+-free), conductive state of the channel
have been hampered by the flexibility of the metal-free protein
(Dalmas et al., 2010, 2014; Pfoh et al., 2012). Thus, we designedights reserved
Table 2. EC50 Values of sABs Generated against CorA in Library
Sorting Experiments Performed in Nanodiscs in the Absence or
Presence of CorA D253K Competitor
sAB
EC50 Apparent Binding Affinity (nM)
CorA in
Nanodiscs
Empty
Nanodiscs
CorA in
DDM/EDTA
(Open)
CorA in
DDM/Mg2+
(Closed)
EC50
Closed/
Open
Generated without D253K competitor
C2 <1 NDa 1.5 ± 0.5 16 ± 4 11 ± 1
C4 2.5 ± 0.5 >1,000 1 ± 0.5 9 ± 2 11 ± 3.5
Generated without and with D253K competitor
C8 <1 ND <1 13 ± 3 (20)b
C10 <1 ND 3 ± 0.5 75 ± 28 24.5 ± 5.5
Generated with D253K competitor
C11 21 ± 5 ND 10 ± 1.5 >1,000 >100
C13 31 ± 3 ND 20 ± 2 >1,000 >50
C18 <1 ND <1 300 ± 30 (>700)b
aNo binding detected.
bRoughly approximated value.nanodisc selections to generate sABs specific to the openMg2+-
free CorA conformation.
Starting with phage clones collected after the first round of
sorting against nanodisc-embedded CorA in which we gener-
ated ten CorA-specific sABs (C1–C10, Figures 2B and S2), we
added 1 mM EDTA (to remove excess of magnesium ions) and
10-fold molar excess of a nanodisc-embedded CorA variant
(D253K) in subsequent rounds (2 through 5). Although EDTA pro-
motes the open form (Dalmas et al., 2014) it does not, by itself,
eliminate the selection of sAB variants that bind to both states.
In contrast, the CorA-D253K mutant is constitutively closed,
even in the absence of magnesium (Payandeh et al., 2008);
thus, we used it as soluble competitor to scavenge phage that
binds preferentially to the closed conformation or indiscrimin-
ately to both the open and closed state of CorA.
Using this strategy, we generated 16 ‘‘open-state’’ specific
sABs (C7–C22) (Figure S2). The affinities of these sABs for
CorA were then tested in the presence of either 1 mM EDTA or
20 mM MgCl2, which promote the channel in the open and
closed state, respectively (Dalmas et al., 2014). Strikingly, each
of the sABs showed a preference for the open conformation of
CorA, with the specificity difference being higher for sABs ob-
tained from selections with the D253K competitor (Figures 4B
and S5B).
To better quantify the ability of the generated sABs to discrim-
inate between the open and closed forms of the CorA channel
and compare these characteristics between the selections with
and without the D253K competitor, we expressed and purified
these sABs (including those that were not put under D253K se-
lection pressure). Almost all of these sABs had affinities
<30 nM asmeasured by EC50 ELISA. From this set, six represen-
tative examples were picked from three types of library sorting
categories: (1) EDTA only, (2) EDTA + D253K competitor, and
(3) sABs that appeared in both categories (Figures 4C and
S5B; Table 2). Again, all six showed significantly tighter binding
toward CorA in EDTA (open) than in Mg2+ (closed). While the
EDTA-selected sABs showed approximately 10-fold selectivityStructure 24, 30for the open versus closed state, for those sABs obtained in
the sorting where the D253K was used the ratio was 100- to
700-fold higher, favoring the open state. The sABs that were
identified in both selections (C7–C10) manifested properties in-
termediate to the two formats (20- to 25-fold tighter to the
open state). From these data, we conclude that the developed
protocols performed with CorA in nanodiscs are effective in es-
tablishing sorting pressure geared toward conformational spec-
ificity when specific cofactors and soluble competitors in nano-
discs are added to push the equilibrium toward the desired
protein state.
Nanodisc-Generated sABs as Crystallization
Chaperones
Mj0480 has a relatively small solvent-exposed surface area and
was recalcitrant to crystallization even after extensive effort (Bor-
owska et al., 2015). To evaluate whether sABs generated from
the nanodisc library sorting could be used as crystallization
chaperones for detergent-solubilized proteins, we attempted
purification of eight sAB-Mj0480 complexes in DDM by size-
exclusion chromatography. In several cases, including sAB
M1, which binds weakly to Mj0480 in DDM (Figure 3A), we
observed stable complex formation on the column when molar
excess of the sAB was incubated with the protein in DDM. After
initial high-throughput screening, we obtained crystals for four
sAB-Mj0480 complexes in DDM. Optimization of one of the con-
ditions (sAB M1-Mj0480) (Figures 5A and 5B) ultimately yielded
crystals that were solved to 3.5 A˚ resolution (Borowska et al.,
2015). Crystallization leads from the other three DDM conditions
are being optimized. Thus, Mj0480-specific sAB chaperones
derived from nanodiscs enabled the production of diffraction-
quality crystals of this small, archaeal membrane protein.
Similarly, despite multiple efforts, structure determination of
the open, conductive conformation of CorA has been a chal-
lenging task (Pfoh et al., 2012). Here, the difficulties have been
attributed to the high flexibility of CorA pentamer in the absence
of magnesium ions (Dalmas et al., 2010, 2014; Pfoh et al., 2012),
and strong crystal lattice effects, which cause CorA to collapse
into a stable closed conformation (Eshaghi et al., 2006; Lunin
et al., 2006; Payandeh and Pai, 2006). We investigated whether
the open-state sABs could be used as potential crystallization
chaperones of CorA in the absence of magnesium. For this, we
obtained several stable sAB-CorA complexes only in the pres-
ence of EDTA, but not in Mg2+ conditions (e.g., sAB C10, C13,
and C18 [Figure 5C]). Currently we test such sABs in high-
throughput crystallization trials.
For Mj0480 and CorA, sABs obtained from library sorting ex-
periments in nanodiscs show formation of stable and monodis-
perse complexes in size-exclusion chromatography. Such
sABs can be used as robust crystallization chaperones and to
facilitate the process of high-resolution structure determination.
We believe this approach can be applied broadly to membrane
proteins with different size and architecture.
DISCUSSION
Crystallization chaperones have enabled the determination of
paradigm-shifting soluble and membrane protein structures
(Koide, 2009; Bukowska and Grutter, 2013). There are several0–309, February 2, 2016 ª2016 Elsevier Ltd All rights reserved 305
Figure 5. sABs Generated against Mem-
brane Proteins in Nanodiscs as Crystalliza-
tion Chaperones
(A) Size-exclusion chromatography shows specific
shift of Mj0480 in the presence of sAB M1 (red,
solid) in 0.05% DDM in comparison with Mj0480
run alone (red, dashed).
(B) Representative images of optimized Mj0480-
sAB M1 crystals obtained in Peg/Ion Reagent 28
(Hampton).
(C) Size-exclusion chromatography showing a
specific shift of CorA in the presence of sABs C10,
C13, and C18 (red, solid) in 0.05% DDM and 1 mM
EDTA in comparison with CorA alone (red,
dashed). No complex formation is observed in the
presence of Mg2+ (black; solid with sAB, dashed
without sAB).different types of crystallization chaperones and modes of gen-
eration, each with its own strengths and weaknesses (Koide,
2009; Bukowska and Grutter, 2013). Our work focuses on chap-
erones based on the Herceptin Fab framework. The size and
compact shape of the Fab scaffold makes it ideal for most
studies. It is about 440 amino acids and has been engineered
for ultra-high stability (Eigenbrot et al., 1993). It displays effi-
ciently on phage and expresses well in E. coli. The Fab chaper-
ones are generated from fully synthetic phage display libraries
in vitro, hence the name ‘‘synthetic antibodies’’ or sABs for
short (Fellouse et al., 2004, 2007). Crystallization chaperones
derived from library sorting methodologies are especially
powerful because the biochemical conditions under which
they are generated can be precisely controlled. Furthermore,
the ability to select sABs that bind to different epitopes is a sig-
nificant attribute. Besides their use as crystallization chaper-
ones, sABs can be employed as customized fiducial markers
for EM studies. In fact, this is more straightforward than making
crystallization chaperones since essentially, all the sABs that
bind tightly to the target proteins are potential candidates for
EM applications.
We had previously been successful in generating high-per-
formance sABs against detergent-solubilized membrane pro-
tein targets, but there were numerous difficulties with this
approach often requiring extensive optimization on a case-
by-case basis (Uysal et al., 2009; Li et al., 2014). We sought
a more general and robust protocol of library sorting that
minimizes the number of variables and time to complete the
task, while maximizing the number of high-quality chaperones
generated as the output. Ideally such a protocol would
provide a more natural lipid environment and avoid the desta-
bilizing effects of detergent. The implementation of nanodiscs
into the selection pipeline has proved transformative in fur-
ther exploiting the high-performance phage display selection
capabilities.306 Structure 24, 300–309, February 2, 2016 ª2016 Elsevier Ltd All rights reservedNanodisc-based library sorting experi-
ments offer a number of key advantages.
Nanodiscs are significantly more user-
friendly than detergents because once
embedded, the membrane proteins are
easier to handle and more stable, andthere is no need for the detergent optimization. In practice, se-
lection experiments in nanodiscs are rapid (5 days), can be
semi-automated, and, based on our experience with Mj0480,
give rise to a larger pool of unique high-affinity sAB clones in
comparison with standard selections in detergents. Impor-
tantly, phage display protocols in nanodiscs are modular.
They can be tailored for applications where sABs for one or a
few targets are desired, or can be easily expanded to accom-
modate medium- and high-throughput, fully automated pipe-
lines. In addition, as shown by others, a large variety of
membrane proteins of different origin, size, topology, stoichi-
ometry, and organization can be readily incorporated into
nanodiscs (Bayburt et al., 2006; Leitz et al., 2006; Borch and
Hamann, 2009; Alvarez et al., 2010; Denisov and Sligar, 2011;
Choi et al., 2013). Importantly, we find that as little as 200 ml
of 2 mM antigen in biotinylated nanodiscs is sufficient for the
successful library sorting even in cases where protein incorpo-
ration is problematic. This effectively expands the technology
to many structurally challenging proteins and multi-component
complexes.
It is generally appreciated that different detergents affect pro-
tein conformation and stability in different ways, and performing
structure determination experiments in detergent environments
raises issues about whether the resulting structures contain
any detergent-induced artifacts (Barnett et al., 1996; Bamber
et al., 2006; Cross et al., 2011). Thus, it is not surprising that
our data show detergent-sensitive binding of the sABs to their
protein target. Establishing exactly how dependent the protein
properties are on detergent effects is difficult to determine
experimentally. However, sABs generated using the nanodiscs
provide a unique format for addressing this question. Strikingly,
we found that the detergent ‘‘sensitivity’’ is epitope dependent—
different sABs show different sensitivities in the same detergent.
For example, the sAB M1-Mj0480 interaction is at least 1,000-
fold tighter in nanodiscs and FC-12 than in DDM, whereas sAB
M4 binds Mj0480 equally well in both detergents and the nano-
disc formats (Figure 3A).
There are two principal phenomena that may explain these ob-
servations. The first is a steric factor whereby differences in
epitope availability can be dependent on the micelle size or
chemical makeup of the detergent. The second relates to confor-
mational factors, since there can be a difference in structure and
local conformations of the epitope when the protein is in different
environments (Laganowsky et al., 2014). In practice, some
mixture of both mechanisms is probably important. Insight into
the interplay of these factors is provided by the sAB M1-
Mj0480 interaction, which displays significant sensitivity to
DDM (but not FC-12). We showed that much of the binding to
Mj0480 could be recovered in a lipid-dependent fashion by add-
ing phospholipids to the protein before introducing it into the
detergent (Figure 3C), suggesting that conformational effects,
rather than steric factors, were predominant.
A question often raised is how tightly do the sABs have to bind
their target to be effective crystallization chaperones? During
crystallization the concentration of components generally is
very high, such that binders even in the high-nanomolar range
(100–500 nM) could act as good chaperones. Nevertheless,
there are arguments to be made for prioritizing toward choosing
the highest-affinity candidates. Presumably, sABs that bind with
high affinity (<10 nM) recognize low-energy conformational
states, since if they bind to high energy non-native conforma-
tions there would be an energy cost to binding that would be
reflected generally in a lower affinity. We see this with the confor-
mation-specific sABs, which bind tightly in the conditions that
stabilize the desired conformation, but lose affinity when the
conditions change to favor an alternative conformation. sABs
that retain their binding across multiple detergent types are
also good candidates, since they recognize an epitope that is
not highly influenced by the detergent.
In choosing a detergent, with all other things being equal,
those that best reproduce the binding characteristics of a partic-
ular sAB in nanodiscs are obviously the best crystallization can-
didates, since the conformational state the sAB recognizes in a
particular detergent is also found in the lipid environment.
Conversely, loss of affinity going from the nanodisc to a deter-
gent environment implies that the sAB had to expend energy to
reorganize the binding epitope. However, our finding that adding
small amounts of lipid to the protein-detergent mix may rescue
sAB binding affinities suggests that this may be a useful step
that should be tried before triaging a sAB from the pool of candi-
date chaperones. This is likewise important for EM studies
whereby affinity ismore important than for crystallization chaper-
ones since the concentrations are considerably lower. In addi-
tion, the technology to collect EM data on nanodisc-embedded
targets is being further developed and offers the opportunity to
quickly provide microscopists ready-made systems with
customized fiducial markers (Frauenfeld et al., 2011; Wu et al.,
2012; Choi et al., 2013; Gogol et al., 2013).EXPERIMENTAL PROCEDURES
Protein Production and Biotinylation
Plasmid harboring the N-terminal hexahistidine construct of membrane scaf-
fold protein (MSP1) E3D1 (pMSP1E3D1) of the nanodiscs was obtained fromStructure 24, 30Addgene (#20066). His-MSP1 E3D1 was expressed, purified, and cleaved
with tobacco etch virus protease according to protocols described previously
(Alvarez et al., 2010). Cleaved MSP1 E3D1 was desalted on PD-10 columns
(GE Healthcare) against buffer A (50 mM HEPES [pH 7.5] and 200 mM NaCl).
For preparations of biotinylated nanodiscs,MSP1 E3D1was biotinylated using
5-fold molar excess of biotinylation reagent EZ-Link-NHS-PEG4-Biotin
(Thermo) for 1 hr at room temperature. The reaction was quenched with
5 mM final concentration of Tris (pH 7.5), and the excess NHS reagent was
removed with PD-10 columns.
N-Terminal hexahistidine constructs of Mj0480 and two variants of
T. maritima CorA (wild-type and D253K) were expressed and purified as previ-
ously described (Dalmas et al., 2010; Borowska et al., 2015). Biotinylated ver-
sions ofMj0480 and CorA wild-type in detergent were prepared using 20- and
5-foldmolar excess of EZ-Link-NHS-SS-PEG4-Biotin (Thermo), respectively in
buffer containing 10 mM HEPES (pH 7.5), 200 mM NaCl, and either 0.05% n-
dodecyl-b-D-maltoside (DDM, Affymetrix) or 0.1% Fos-Choline-12 (FC-12, Af-
fymetrix) forMj0480, and 25 mM HEPES (pH 7.5), 150 mM NaCl, 0.05% DDM,
and 20 mM MgCl2 for CorA wild-type. Excess NHS reagent was removed by
size-exclusion chromatography on a Superdex200 10/300 GL column.
Synthetic antibody fragments (sABs) in pSFV4 or pRH2.2 vectors (kindly
provided by SGC Toronto and S. Sidhu, respectively) were expressed and pu-
rified as described previously (Borowska et al., 2015) in a two-step purification
protocol on MabSelect SuRe Protein A column (GE Healthcare) and cation
exchange Resource S 1 ml column (GE Healthcare), and were dialyzed into
buffer A.
Non-biotinylated and biotinylated versions of MSP1 E3D1 and membrane
proteins as well as purified sABs were concentrated, aliquoted, flash-frozen
in liquid nitrogen, and kept at 80C.
Nanodisc Reconstitution
Reconstitution ofMj0480 and two variants of CorA (wild-type and D253K) into
E3D1 nanodiscs was performed according to the protocols described by the
Sligar laboratory (Ritchie et al., 2009) with two modifications: (1) biotinylated
cleaved MSP1 E3D1 was used to generate biotinylated nanodiscs; (2) lipids
used for reconstitution were solubilized using either DDM, or n-undecyl-b-D-
maltoside (UDM, Affymetrix) in place of sodium cholate. His-tagged mem-
brane proteins were reconstituted into nanodiscs using either biotinylated or
non-biotinylated MSP1 E3D1 and various phospholipid compositions to
generate following E3D1 nanodiscs:Mj0480 in eggPC,Mj0480 in 1,2-dimyris-
toyl-sn-glycero-3-phosphocholine (DMPC), CorA wild-type in palmitoyloleoyl-
phosphatidylcholine/palmitoyloleoylphosphatidylglycerol (POPC/POPG), and
CorA D253K in POPC/POPG nanodiscs. Nanodiscs with membrane proteins
embedded were separated from empty nanodiscs by metal affinity chroma-
tography in batch using Ni-NTA Superflow resin (Qiagen) and further purified
on a Superdex200 10/300 GL column in buffer A. As a control, empty E3D1
nanodiscs were prepared using the same phospholipids. All nanodisc samples
were concentrated, supplemented with 5% (w/v) sucrose, aliquoted, flash-
frozen in liquid nitrogen, and kept at 80C. Detailed procedures of
preparation of phospholipids and nanodisc reconstitution are described in
the Supplemental Experimental Procedures.
Phage Library Sorting
To generate sABs, we performed five independent library sorting experiments
against the following biotinylated antigens: (1)Mj0480 in eggPC nanodiscs, (2)
Mj0480 in DMPC nanodiscs, (3) Mj0480 in DDM, (4) CorA wild-type in POPC/
POPG nanodiscs, and (5) as in (4) with CorA D253K in non-biotinylated POPC/
POPG nanodiscs as soluble competitor. Prior to library sorting, the efficiency
of biotinylation of antigens was evaluated by pull-down on streptavidin-coated
magnetic beads (Streptavidin MagneSpehere Paramagnetic particles, Prom-
ega). Library sorting steps were performed using sAB Library E (kindly pro-
vided by S. Koide [Miller et al., 2012]) based on described protocols (Fellouse
et al., 2007; Koide et al., 2009; Paduch et al., 2013; Dominik and Kossiakoff,
2015) with the following modifications: (1) five, instead of four, rounds of library
sorting were performed; (2) experiments with nanodiscs were performed in
either buffer B (1% BSA in buffer A) or buffer C (1 mM EDTA in buffer B for
CorA wild-type), while experiments with Mj0480 in detergent were performed
in buffer D (buffer B with 0.05% DDM); (3) for experiments with nanodiscs,
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(and, where indicated, CorA D253K nanodiscs) were used as soluble compet-
itors; (4) elution of phage particles in experiments with nanodiscs and deter-
gent were achieved by incubation in buffer B supplemented with 1% FC-12
and 100 mM DDT, respectively. The details of the strategy along with concen-
trations of membrane protein antigens throughout the library sorting experi-
ments are further described in Supplemental Experimental Procedures.
Phage and Protein ELISA Assays
Single-point phage ELISA was used in the primary validation of binding affin-
ities of generated sABs in phage format as described previously (Dominik and
Kossiakoff, 2015). Amplified phage particles at 10-fold dilution were assayed
against 20 nM biotinylated membrane proteins in either nanodiscs or deter-
gent using HRP-conjugated anti-M13 monoclonal antibody (GE Healthcare,
#27-9421-01). Assays were performed in library sorting buffer (buffer A–D de-
pending on the target, as described above) supplemented with 2% BSA
instead of 1%. Each sAB clone with A450 signal above 0.2 (four times the
average background level of the assay) was sequenced; unique sABs were
sub-cloned into pSVF4 or pRH2.2 vectors, and purified as described above.
Multi-point protein ELISA was used to estimate the apparent binding affinity
(EC50 values) of purified sABs. Purified sABs in 3-fold serial dilution starting
from 5 mMwere assayed against membrane proteins either biotinylated in de-
tergents or in biotinylated nanodiscs at 20 nM, as indicated. The binding signal
(A450) was detected using HRP-conjugated anti-human (Fab)2 antibody
(Peroxidase-conjugated AffiniPure Goat, Jackson ImmunoResearch #109-
035-006). A450 values were normalized for the minimum and maximum signal
intensity in each series, plotted against log of sAB concentration, and EC50
values were calculated assuming sigmoidal dose response with a variable
slope model using GraphPad Prism (GraphPad Software). Data points from
three independent experiments in triplicates represent mean values with error
bars denoting SD value from the mean.
To determine the influence of phospholipids on binding of sABs M1 and M4
toMj0480 in 0.05%DDM, we performed single-point protein ELISA essentially
as in the procedure described above, except that 1 mM eggPC in 0.15% DDM
in buffer A was added onto immobilized biotinylated Mj0480, followed by
30 min incubation, and washing with buffer A. Constant concentration of
sAB M1 and M4 below the established EC50 values for the Mj0480 in DDM
(100 and 1 nM, respectively) was used for binding. Data points from three in-
dependent experiments in triplicates represent mean values with error bars
denoting SD value from the mean.
Complex Formation and Crystallization Trials
To form the protein-sAB complexes we incubated Mj0480 with a saturating
amount of sAB M1, and complex was purified and crystallized as previously
described (Borowska et al., 2015). Complexes of CorA wild-type with sABs
C10, C13, and C18 at 1:1.2 fold molar ratio were injected onto a Superdex200
10/300 GL column equilibrated with buffer containing 20 mM HEPES (pH 7.5),
150 mM NaCl, 0.025% DDM, and either 1 mM EDTA or 20 mM MgCl2. In all
cases, a membrane protein only control was included. Peak fractions corre-
sponding to the CorA-sAB complexes in 1 mM EDTA were concentrated to
7–10 mg/ml. Subsequently, high-throughput crystallization screens were
set up using Mosquito robot (TPP Labtech) at 100 nl of protein and 100 nl of
reservoir solution, and crystals were grown by the hanging-drop vapor diffusion
method.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
five figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.str.2015.11.014.
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